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IUHTXHQF\ DQG SKDVH EHWZHHQ WKH WZR RSWLFDO WRQHV KDYH WR EH
SUHVHUYHG ,Q WKLV ZRUN WKLV LV DFKLHYHG E\ GHYHORSLQJ DPXOWL
7+] VSDQ RSWLFDO IUHTXHQF\ FRPE JHQHUDWRU 2)&* ZKHUH
WKH UHODWLYH SKDVH DQG IUHTXHQF\ RI WKH FRPE OLQHV DUH H[DFWO\
GHILQHG E\ D *36 GLVFLSOLQHG PLFURZDYH V\QWKHVL]HU +LJK
VSHFWUDO SXULW\ 7+] VLJQDOV DUH JHQHUDWHG E\ VHOHFWLQJ D SDLU
RI VXLWDEO\ VSDFHG FRPE OLQHV XVLQJ KLJK4 RSWLFDO ILOWHUV DQG
DSSO\LQJ WKH VHOHFWHG WZR OLQHV RQ WR D KLJK EDQGZLGWK
SKRWRPL[HU DV VKRZQ LQ )LJ 
)LJ  6FKHPDWLF RI WKH SKRWRQLF JHQHUDWLRQ RI PLFURZDYH PPZDYH DQG
7+] VLJQDOV
7KXV FRQWLQXRXVO\ WXQHDEOH 7+] VLJQDO RYHU D IUHTXHQF\
UDQJH IURP  *+] WR ! 7+] ZLWK DGGLWLRQDO JDSSHG
EDQGV GRZQ WR  *+] ZLWK D OLQHZLGWK RI ¶V RI +] KDV
EHHQ GHPRQVWUDWHG :H DOVR UHSRUW GHWDLOHG PHDVXUHPHQWV RI
WKH FRPSRVLWH DPSOLWXGH DQG SKDVH QRLVH RI WKH V\VWHP XS WR
 *+] $OWKRXJK WKH VSHFWUDO FKDUDFWHULVWLFV RI WKH
KHWHURG\QH VLJQDOV DUH VXLWDEOH IRU KLJKUHVROXWLRQ
DSSOLFDWLRQV WKH VLJQDO SRZHU ZLOO EH OLPLWHG E\ WKH
FRQYHUVLRQ HIILFLHQF\ RI WKH RSWRHOHFWURQLF FRQYHUWHUV
+HQFH D KLJK SRZHU  7+] TXDQWXP FDVFDGH ODVHU 4&/ KDV
EHHQ GLUHFWLQMHFWLRQ ORFNHG WR WKLV KLJKO\ FRKHUHQW 7+]
V\QWKHVL]HU VLJQDO WR UHDOLVH D KLJK SRZHU 7+] VRXUFH ZLWK
VSHFWUDO FKDUDFWHULVWLFV UHIHUHQFHG WR D *36 GLVFLSOLQHG
PLFURZDYH V\QWKHVL]HU
,, 237,&$/ )5(48(1&< &20%
7KH LQIUDUHG 2)&* ,52)&* GHYHORSHG LQ WKLV ZRUN LV
EDVHG RQ DQ DPSOLILHG UHFLUFXODWLQJ ORRS ZLWK D VLQJOH SKDVH
PRGXODWRU GHVFULEHG LQ GHWDLO LQ >@ ,Q RUGHU WR REWDLQ D
IODWWHQHG JDLQ SURILOH D KLJKO\ GRSHG ILEUH DPSOLILHU ZDV XVHG
ZLWK D OHQJWK FDUHIXOO\ VHOHFWHG WR VXSSUHVV WKH XVXDO JDLQ SHDN
DW  QP ,Q DGGLWLRQ WR JHQHUDWH FRPE OLQHV RYHU D ZLGHU
EDQGZLGWK D  P OHQJWK RI GLVSHUVLRQ FRPSHQVDWLQJ ILEUH ZLWK
D GLVSHUVLRQ FRHIILFLHQW RI  SVQPNP KDV EHHQ LQFOXGHG
WR PLQLPLVH WKH GLVSHUVLRQ ZLWKLQ WKH ORRS 7KH GLVSHUVLRQ
FDXVHV WKH KLJKHU RUGHU VLGHEDQGV WR VXIIHU IURP DFFXPXODWHG
SKDVH PLVPDWFK VXEVHTXHQWO\ IDLOLQJ WR VDWLVI\ WKH UHVRQDQFH
FRQGLWLRQ 7KH WRWDO OHQJWK RI WKH ORRS ZDV a P JLYLQJ D
IUHH VSHFWUDO UDQJH )65 RI  0+] ,Q RUGHU WR DFKLHYH KLJK
VSHFWUDO SXULW\ FRPE OLQHV D 5,22ULRQ ODVHU ZLWK D OLQHZLGWK
RI  N+] QDUURZHU WKDQ WKH )65 ZDV XVHG DV WKH VHHG WR WKH
ORRS ,Q RUGHU WR PDLQWDLQ WKH UHVRQDQFH FRQGLWLRQ ZLWK VXFK D
Abstract²:HSUHVHQWDKLJKO\FRKHUHQWWXQDEOH7+]VRXUFH
EDVHGRQDQRSWLFDOIUHTXHQF\FRPEJHQHUDWRUZLWKIUHTXHQFLHV
UHIHUHQFHG WR SULPDU\ IUHTXHQF\ VWDQGDUGV 7KH 7+]
V\QWKHVL]HULVFRQWLQXRXVO\WXQDEOHIURP*+]WRJUHDWHU
WKDQ 7+]ZLWK D VSHFWUDO UHVROXWLRQ RI ¶V RI+] DQG D
IUHTXHQF\DFFXUDF\RISDUW LQ 7KH FRPSRVLWH QRLVH KDV 
EHHQPHDVXUHGXSWRDUHFRUGIUHTXHQF\RI*+]DQGLV
G%F+]DWDQRIIVHWIUHTXHQF\RIN+]OLPLWHGE\WKHVFDOHG
SKDVH QRLVH RI WKH UHIHUHQFH V\QWKHVL]HU $  7+] TXDQWXP
FDVFDGHODVHUZLWKDQRXWSXWSRZHURIaP:KDVEHHQLQMHFWLRQ
ORFNHGWRWKHDEVROXWHIUHTXHQF\UHIHUHQFHGKLJKVSHFWUDOSXULW\
7+] V\QWKHVL]HU WR UHDOL]H D KLJK SRZHU QDUURZ OLQHZLGWK
VRXUFHVXLWDEOHIRUKLJKUHVROXWLRQVSHFWURVFRS\
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7+]UDGLDWLRQKDVQXPHURXVSRWHQWLDODSSOLFDWLRQVVXFKDV
PROHFXODUVSHFWURVFRS\DQGKLJKUHVROXWLRQLPDJLQJ VXLWDEOH
IRU PHGLFDO SKDUPDFHXWLFDO VHFXULW\ VSDFH VFLHQFH DQG
DVWURQRP\+RZHYHUGXHWRDODFNRIKLJKSRZHUWXQHDEOH
FRKHUHQW VRXUFHV IXOO H[SORLWDWLRQ RI WKLV SDUW RI WKH
HOHFWURPDJQHWLFVSHFWUXPLV\HWWREHUHDOLVHG,QSDUWLFXODUDV
DODUJHQXPEHURIPROHFXODUVWUXFWXUHVH[KLELWFORVHO\VSDFHG
+]OLQHZLGWKWUDQVLWLRQVLQWKH7+]UHJLRQKLJKSRZHUKLJKO\
FRKHUHQW WXQHDEOH 7+] VRXUFHV UHIHUHQFHG WR SULPDU\
IUHTXHQF\ VWDQGDUGV DUH NH\ IRU WKH GHYHORSPHQW RI KLJK
UHVROXWLRQPROHFXODUVSHFWURVFRS\
'HYHORSPHQW RI 7+] VRXUFHV EDVHG RQ SKRWRQLFV
WHFKQRORJ\ >@ LV SURPLVLQJ GXH WR LWV QXPHURXV DGYDQWDJHV
VXFKDVFRPSDFWQHVVLWVDELOLW\WRWUDQVSRUW7+]VLJQDOVRYHU
ORQJHUGLVWDQFHVYLDORZORVVPXFKOLJKWHUDQGPRUHIOH[LEOH
RSWLFDO ILEUHV DYDLODELOLW\RIZLGHEDQGZLGWKRSWRHOHFWURQLF
FRPSRQHQWVDQG IUHTXHQF\DJLOLW\RIRSWLFDOFRPSRQHQWV ,Q
RUGHU WRJHQHUDWHPPZDYHRU7+]VLJQDOVE\RSWLFDOPHDQV
WZR RSWLFDO WRQHV VHSDUDWHG E\ WKH GHVLUHG IUHTXHQF\ DUH
DSSOLHG WR DQ RSWRHOHFWURQLF FRQYHUWHU VXFK DV D ZLGH
EDQGZLGWK XQLWUDYHOOLQJ FDUULHU 87& SKRWRGLRGH >@ RU D
SKRWRFRQGXFWRU>@WRJHQHUDWHWKHKHWHURG\QHHOHFWULFDOVLJQDO
DW WKH 7+] IUHTXHQF\ FRUUHVSRQGLQJ WR WKH IUHTXHQF\
GLIIHUHQFH EHWZHHQ WKH WZR RSWLFDO WRQHV +HQFH WKH 7+]
VLJQDOJHQHUDWHGLQWKLVZD\FDQEHEURDGO\WXQHDEOHZLWKWKH
WXQLQJ UDQJH ODUJHO\ OLPLWHG E\ WKH EDQGZLGWK RI WKH RSWR
HOHFWURQLF FRQYHUWHU KRZHYHU LWV VSHFWUDO SXULW\ ZLOO EH
GHWHUPLQHGE\WKHOLQHZLGWKDQGIUHTXHQF\VWDELOLW\RIHDFKRI
WKHRSWLFDO WRQHV$OWKRXJK WKH OLQHZLGWKRI ODVHUVFDQEHRI
WKH RUGHU RI ¶V RI N+] WR D IHZ 0+] WKHLU IUHTXHQF\
VWDELOLW\ LV DIIHFWHG E\ WKHUPDO PHFKDQLFDO DQG HOHFWULFDO
QRLVH ZKLFK FDQ EURDGHQ WKH OLQHZLGWK RI WKH KHWHURG\QH
VLJQDO WR ¶V RI 0+] ,Q RUGHU WR JHQHUDWH KLJK VSHFWUDO
SXULW\ 7+] VLJQDOV IRU DSSOLFDWLRQV VXFK DV PROHFXODU
VSHFWURVFRS\ DQG KLJKUHVROXWLRQ LPDJLQJ WKH UHODWLYH
1
QDUURZ OLQHZLGWK VHHG ODVHU DQ DFWLYH FRQWURO RI WKH ORRS
OHQJWK LV UHTXLUHG $ SLH]RHOHFWULF ILEUH VWUHWFKHU ZLWK D
FRQWURO ORRS ZDV LPSOHPHQWHG WR FRPSHQVDWH IRU DQ\
IOXFWXDWLRQV LQ WKH VHHG ODVHU IUHTXHQF\ DQG WHPSHUDWXUH
LQGXFHG ORRS OHQJWK YDULDWLRQV
7KH 2)&* GHVFULEHG KHUH JHQHUDWHG SKDVH FRUUHODWHG
FRPE OLQHV RYHU D UHFRUG VSDQ RI  7+] IRU D ORRS ZLWK D
VLQJOH SKDVH PRGXODWRU DV VKRZQ LQ )LJ  7KH  G%
EDQGZLGWK ZDV a  7+] DQG WKH OLQHZLGWK RI HDFK RI WKH
FRPE OLQHV ZDV ¶V RI N+] VLPLODU WR WKH OLQHZLGWK RI WKH
VHHG ODVHU 7KH FRPE OLQH VSDFLQJ ZDV H[DFWO\ GHILQHG E\ D
PLFURZDYH V\QWKHVL]HU UHIHUHQFHG WR D *36 GLVFLSOLQHG 
0+] RVFLOODWRU 4XDUW]ORFN ( ZKLFK DFWV DV D VHOI
FDOLEUDWLQJ IUHTXHQF\ VWDQGDUG ZLWK IUHTXHQF\ DFFXUDF\ RI 
SDUW LQ 
)LJ  2SWLFDO VSHFWUD RI WKH 2)&* DQG WKH LQMHFWLRQ ORFNHG '6'%5
ODVHUV &RPE OLQH VSDFLQJ UHIHUHQFHG WR SULPDU\ IUHTXHQF\ VWDQGDUGV
UHVROXWLRQ EDQGZLGWK  SP
$ WXQHDEOH RSWLFDO ILOWHU ZLWK KLJK 4IDFWRU LV QHHGHG WR
VHOHFW WKH UHTXLUHG SDLU RI FRPE OLQHV IURP WKH 2)&* ZKLOH
VXSSUHVVLQJ WKH RWKHU OLQHV 7KH SDVVLYH RSWLFDO ILOWHUV WKDW DUH
FXUUHQWO\ DYDLODEOH LQ WKH PDUNHW KDYH PDQ\ GUDZEDFNV WKH\
FDQ KDYH  LQVHUWLRQ ORVV XS WR ¶V RI G%  G%
EDQGZLGWK RI ¶V RI *+] DOORZLQJ VHYHUDO FRPE OLQHV WR SDVV
WKURXJK DQG  SHULRGLF WUDQVPLVVLRQ VSHFWUD %\ SKDVH
ORFNLQJ D ODVHU WR WKH UHTXLUHG FRPE OLQH E\ PHDQV RI RSWLFDO
LQMHFWLRQ ORFNLQJ >@ RU RSWLFDO SKDVH ORFN ORRS >@ WKH VSHFWUDO
FKDUDFWHULVWLFV RI WKH FRPE OLQH FDQ EH WUDQVIHUUHG WR WKH ODVHU
PDNLQJ LW DQ DWWUDFWLYH DOWHUQDWLYH WR WKH SDVVLYH ILOWHUV
RIIHULQJ RSWLFDO JDLQ ZLWK KLJK4 ILOWHULQJ ,Q WKLV ZRUN D SDLU
RI KLJK SRZHU ZLGHO\ WXQHDEOH 'LJLWDO 6XSHUPRGH 'LVWULEXWHG
%UDJJ 5HIOHFWRU '6'%5 ODVHUV >@ HDFK RI ZKLFK ZDV
LQMHFWLRQ ORFNHG WR WKH UHTXLUHG FRPE OLQHV RSHUDWH DV DFWLYH
KLJK4 ILOWHUV ZLWK DQ RSWLFDO JDLQ JUHDWHU WKDQ  G% )LJ 
SUHYHQWLQJ WKH QHHG IRU PXOWLSOH DPSOLILFDWLRQ VWDJHV ,Q
DGGLWLRQ WKLV ILOWHULQJ WHFKQLTXH DOVR LPSURYHG WKH RSWLFDO
VLJQDO WR QRLVH UDWLR 2615 WR !  G%
)LJ  VKRZV WKH HOHFWULFDO VSHFWUXP RI WKH KHWHURG\QH
VLJQDO EHWZHHQ WKH WZR DGMDFHQW OLQHV ZLWK D ):+0
OLQHZLGWK RI   +] OLPLWHG E\ WKH UHVROXWLRQ EDQGZLGWK RI
WKH VSHFWUXP DQDO\VHU 7KH OLQHZLGWK RI WKH KHWHURG\QH VLJQDO
EHWZHHQ WKH FRPE OLQHV VHSDUDWHG E\ 1 FRPEOLQH VSDFLQJV
ZLOO EH 1 WLPHV WKH OLQHZLGWK RI WKH UHIHUHQFH V\QWKHVL]HU 7KH
ORFNLQJ UDQJH IRU WKLV V\VWHP ZDV PHDVXUHG WR EH   *+] IRU
DQ LQMHFWLRQ OHYHO RI  G% 7KLV FDQ EH LPSURYHG IXUWKHU E\
LQFRUSRUDWLQJ DQ RSWLFDO LQMHFWLRQ SKDVH ORFN ORRS 2,3//
>@ LQ ZKLFK D ORZ EDQGZLGWK 23// WUDFNV WKH ORQJ WHUP
IUHTXHQF\SKDVH IOXFWXDWLRQV ZKLOH WKH IDVW IOXFWXDWLRQV FDQ EH
FRPSHQVDWHG IRU E\ WKH RSWLFDO LQMHFWLRQ ORFNLQJ
,PSOHPHQWDWLRQ RI 2,3// ZLOO HQDEOH ZLGHU ORFNLQJ UDQJH
ZLWK ODVHUV ZLWK ZLGHU OLQHZLGWKV IHZ 0+] ZLWKRXW WKH
VWULQJHQW UHVWULFWLRQ RQ ORRS GHOD\
,,, 781($%,/,7<
,Q RUGHU WR FRQWLQXRXVO\ WXQH WKH IUHTXHQF\ RI WKH
KHWHURG\QH VLJQDO D WXQHDEOH RSWLFDO GHOD\ OLQH KDV EHHQ
LQFOXGHG ZLWKLQ WKH ILEUH UHFLUFXODWLQJ ORRS WR FRQWLQXRXVO\
WXQH WKH FRPE OLQH VSDFLQJ )LJ  ZKLFK ZDV RWKHUZLVH
UHVWULFWHG WR WKH )65 RI WKH ORRS 1RQHWKHOHVV WR DFKLHYH
FRQWLQXRXV WXQLQJ RI WKH PPZDYH7+] VLJQDO WXQLQJ RQO\
RYHU DQ )65 RI WKH ORRS a0+] LV QHFHVVDU\ 7KLV UHTXLUHV
D FKDQJH LQ ORRS OHQJWK RI RQO\ a PP LQ D P ORRS 7KXV
WKH FRPE OLQH VSDFLQJ KDV EHHQ FRQWLQXRXVO\ WXQHG IURP 
*+] WR  *+] OLPLWHG E\ WKH EDQGZLGWK RI WKH HOHFWURQLF
FRPSRQHQWV 7KLV  *+] RI WXQLQJ RI OLQH VSDFLQJ WUDQVODWHV
WR D FRQWLQXRXV IUHTXHQF\ FRYHUDJH IURP  *+] WR !
7+] ZLWK DGGLWLRQDO JDSSHG EDQGV GRZQ WR  *+] >@
)LJ  (OHFWULFDO VSHFWUXP RI WKH KHWHURG\QH VLJQDO EHWZHHQ DGMDFHQW WZR
OLQHV 5%:   +]
)LJ  7XQLQJ RI WKH OLQH VSDFLQJ ZLWK RSWLFDO GHOD\ OLQH 5%:  N+]
,9 6<67(012,6(
7KH FRPSRVLWH DPSOLWXGH DQG SKDVH QRLVH RI WKH
KHWHURG\QH VLJQDO EHWZHHQ WKH FRPE OLQHV XS WR D IUHTXHQF\
RI  *+] 1   KDV EHHQ VWXGLHG LQ GHWDLO )RU
IUHTXHQFLHV OHVV WKDQ  *+] EDQGZLGWK RI WKH HOHFWULFDO
VSHFWUXP DQDO\VHU (6$ WKH FRPSRVLWH QRLVH ZDV PHDVXUHG
GLUHFWO\ XVLQJ D 87& SKRWRGLRGH DQG D 5KRGH DQG 6FKZDU]
)64 VSHFWUXP DQDO\VHU ZKLOH IRU IUHTXHQFLHV JUHDWHU WKDQ
 *+] WKH VLJQDO ZDV GRZQ FRQYHUWHG XVLQJ D GRXEOH
KDUPRQLF PL[HU 9LUJLQLD 'LRGHV :50L[$0& ZLWK D
; IUHTXHQF\ PXOWLSOLHU +HQFH WKH RYHUDOO FRPSRVLWH QRLVH
RI WKH V\VWHP FDQ EH FDOFXODWHG IURP
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ZKHUH WKH FRQWULEXWLRQV RI WKH VFDOHG SKDVH QRLVH IURP WKH
UHIHUHQFH V\QWKHVL]HU >6  ORJ1@ G%F+] FRPSRVLWHQRLVH IURP WKH 2)&* \ G%F+] VFDOHG SKDVH QRLVH IURP WKH
ORFDO RVFLOODWRU >6  ORJ@ G%F+] DQG WKH SKDVH QRLVH
IURP WKH (6$ ) G%F+] KDYH EHHQ FRPELQHG )LJ  VKRZV
WKH FRPSRVLWH QRLVH IRU 1  FRPSDUHG WR WKH SKDVH QRLVH RI
WKH UHIHUHQFH V\QWKHVL]HU DQG WKH (6$ DQG LW LV OHVV
7+]
2
WKDQ  G%F+] DW DQ RIIVHW IUHTXHQF\ RI  N+] 7KLV LV
KLJKHU WKDQ WKH SKDVH QRLVH RI WKH UHIHUHQFH V\QWKHVL]HU GXH WR
WKH QRLVH FRQWULEXWLRQ IURP WKH 2)&* LWVHOI 7KHUH LV DOVR D
QRLVH SHQDOW\ IRU RIIVHW IUHTXHQFLHV  N+] ZKLFK PD\ EH
GXH WR LPSHUIHFW VWDELOL]DWLRQ RI WKH ORRS OHQJWK 7KHPHDVXUHG
FRPSRVLWH QRLVH EH\RQG  0+] RIIVHW IUHTXHQF\ ZDV OLPLWHG
E\ WKH PHDVXUHPHQW QRLVH IORRU 7KH QRLVH IORRU ZDV
FDOFXODWHG DV  G%F+] IURP WKH GLIIHUHQFH EHWZHHQ WKH
LQWHUQDO QRLVH SRZHU RI WKH (6$  G%F+] DQG WKH VLJQDO
SRZHU  G%P
)LJ  &RPSRVLWH QRLVH RI WKH KHWHURG\QH VLJQDO EHWZHHQ WZR DGMDFHQW
FRPE OLQHV FRPSDUHG WR WKH SKDVH QRLVH RI WKH UHIHUHQFH /2 DQG WKH (6$
7KH FDOFXODWHG DQG WKH PHDVXUHG FRPSRVLWH QRLVH RI WKH
KHWHURG\QH VLJQDO IRU IUHTXHQFLHV XS WR 1    *+] DW
D  N+] RIIVHW LV FRPSDUHG ZLWK WKH VFDOHG SKDVH QRLVH RI
WKH UHIHUHQFH V\QWKHVL]HU >6  ORJ1@ G%F+] )LJ  ,WLV HYLGHQW WKDW WKH QRLVH FRQYHUJHV ZLWK WKH VFDOHG SKDVH QRLVH
RI WKH UHIHUHQFH V\QWKHVL]HU DW KLJKHU PXOWLSOLFDWLRQ IDFWRUV
	
    


 
WKH 2)&* \ G%F+] LV GRPLQDQW +HQFH IRU VLJQDO
JHQHUDWLRQ DW KLJKHU IUHTXHQFLHV VXFK DV DW  7+] LW LV
HVVHQWLDO WR KDYH D ORZ QRLVH PLFURZDYH UHIHUHQFH V\QWKHVL]HU
)LJ  0HDVXUHG DQG FDOFXODWHG QRLVH DW  N+] RIIVHW IUHTXHQF\
FRPSDUHG WR WKH VFDOHG SKDVH QRLVH RI WKH V\QWKHVL]HU
9 ,1-(&7,21 /2&.,1* 2) 7+=4&/ 72 7+( ,52)&*
+LJK VSHFWUDO SXULW\ VRXUFHV VXFK DV IUHTXHQF\PXOWLSOLHUV
SKRWRFRQGXFWRUV DQG 87&3' RSHUDWH RYHU IUHTXHQFLHV XS WR
 7+] DQG WKHLU RXWSXW SRZHU OHYHOV GURS VLJQLILFDQWO\ IRU
IUHTXHQFLHV EH\RQG  7+] 7KH PRVW SURPLVLQJ VRXUFHV IRU
IUHTXHQFLHV LQ WKH  ±  7+] UHJLRQ DUH WKH TXDQWXP FDVFDGH
ODVHUV 4&/V ZKLFK DUH HOHFWULFDOO\ SXPSHG VHPLFRQGXFWRU
ODVHUV FDSDEOH RI GHOLYHULQJ KXQGUHGV RI PLOOLZDWWV RI
FRQWLQXRXV ZDYH FRKHUHQW UDGLDWLRQ $OWKRXJK WKH 4&/ KDV
LQWULQVLFDOO\ QDUURZ OLQHZLGWK a +] GXH WR WKHUPDO
HOHFWULFDO DQG PHFKDQLFDO IOXFWXDWLRQV LWV OLQHZLGWK FDQ EH DV
EURDG DV  ±  0+] UHTXLULQJ SKDVHIUHTXHQF\ VWDELOLVDWLRQ
IRU PDQ\ KLJKUHVROXWLRQ DSSOLFDWLRQV
,Q WKH SDVW SKDVH ORFNLQJ RI 4&/V WR JDV OLQHV IUHTXHQF\
PXOWLSOLHUV IHPWRVHFRQG ODVHUV DQG IUHTXHQF\ FRPEV KDYH
EHHQ GHPRQVWUDWHG XVLQJ D QHJDWLYH IHHGEDFN ORRS +HUH D
VLPSOHU DSSURDFK RI GLUHFW LQMHFWLRQ ORFNLQJ RI WKH  7+] 4&/
WR WKH DERYH ,52)&* LV GHPRQVWUDWHG )LJ  >@ GHVLJQ RI
ZKLFK FDQ EH WUDQVODWHG WR D SKRWRQLF LQWHJUDWLRQ SODWIRUP WKDW
FRXOG OHDG WR D FRPSDFW V\VWHP VXLWDEOH IRU PDQ\ DSSOLFDWLRQV
7KH 4&/ XVHG LQ WKLV H[SHULPHQW ZDV PRXQWHG RQ D FROG
ILQJHU LQ D OLTXLG KHOLXP FU\RVWDW DQG LWV WHPSHUDWXUH ZDV
PDLQWDLQHG DW  . ,W ZDV RI D ERXQGWRFRQWLQXXP GHVLJQ
ZLWK D VLQJOH SODVPRQ ZDYHJXLGH DQG KDG DQ RXWSXW SRZHU RI
a P: DW DQ RSHUDWLQJ IUHTXHQF\ RI  7+] ZLWK D GULYH
FXUUHQW DQG WXQLQJ HIILFLHQF\ RI  P$ DQG  0+]P$
UHVSHFWLYHO\ 7KH DPSOLILHG SDLU RI FRPE OLQHV ZKRVH
KHWHURG\QH IUHTXHQF\ I5() ZDV FORVH WR WKH 4&/ IUHTXHQF\I4&/ ZDV VSOLW E\ D  SRZHU VSOLWWHU DQG RQH SDUW ZDVLQFLGHQW RQ WKH 7RSWLFD 7+] WUDQVPLWWHU 7[ ZKLFK ZDV
RSHUDWHG DW D SXOVHG IUHTXHQF\ RI  N+] ZLWK D  GXW\
F\FOH 7KH RWKHU SDUW ZDV LQFLGHQW RQ WKH 7RSWLFD 7+] UHFHLYHU
5[ WR JHQHUDWH WKH 7+] UHIHUHQFH VLJQDO 7KH SRZHU RI WKH
JHQHUDWHG VLJQDO E\ WKH WUDQVPLWWHU DW I5() a 7+] ZDV aQ: DQG ZDV FRXSOHG LQWR WKH 4&/ WR LQMHFWLRQ ORFN DV VKRZQ
LQ )LJ 
)LJ  ([SHULPHQWDO DUUDQJHPHQW RI WKH LQMHFWLRQ ORFNLQJ RI 7+] 4&/
(')$  HUELXPGRSHG ILEUH DPSOLILHU 7[  7+] WUDQVPLWWHU 4&/  TXDQWXP
FDVFDGH ODVHU 5[  7+] UHFHLYHU 7,$  WUDQVLPSHGHQFH DPSOLILHU
$Q RSWLFDO GHOD\ OLQH ZDV LQWURGXFHG LQ WKH UHFHLYHU SDWK
WR FRQWURO WKH UHODWLYH SKDVH RI WKH 7+] VLJQDO IURP WKH 4&/
DQG WKH 7+] UHIHUHQFH VLJQDO 7KH FXUUHQW JHQHUDWHG DW WKH
UHFHLYHU ZDV DPSOLILHG E\ D WUDQVLPSHGDQFH DPSOLILHU DQG ZDV
DFTXLUHG E\ D  *+] /HFUR\ 5HDOWLPH RVFLOORVFRSH 7KH
WUDQVLPSHGDQFH DPSOLILHU SURYLGHG D YDULDEOH JDLQ RI  
RU  ZLWK D GHWHFWLRQ EDQGZLGWK RI  0+]  0+] DQG
 N+] UHVSHFWLYHO\ 7KH KRPRG\QH ORFNLQJ RI WKH 4&/ LV
VKRZQ LQ )LJ  ZKHUH WKH GULYH FXUUHQW WR WKH 4&/ ZDV
FKDQJHG VXFK WKDW I4&/ ZDV WXQHG LQWR DQG DZD\ IURP WKH I5():KHQ WKH 4&/ ZDV XQORFNHG WKH 615 ZDV a G% DQG WKH
PHDVXUHPHQW QRLVH IORRU ZDV - G%P +RZHYHU WR DLG
FODULW\ WKH EHDW VLJQDO VSHFWUXP IRU HDFK RI WKH GULYH FXUUHQW
LV RIIVHW YHUWLFDOO\ LQ WKH SORW :KHQ WKH KHWHURG\QH IUHTXHQF\
lI5()  I4&/l ZDV EHWZHHQ  0+] DQG  0+] WKH 4&/
IUHTXHQF\ ZDV SXOOHG WRZDUGV WKH 7+] UHIHUHQFH E\ DV PXFK
DV  0+] DQG ZKHQ WKH KHWHURG\QH IUHTXHQF\ ZDV  0+]
WKH 4&/ DFTXLUHG ORFN DQG WKH EHDW VLJQDO EHFRPHV QR ORQJHU
YLVLEOH )LJ  7KH QDUURZHU ORFNLQJ UDQJH RI  0+]
FRPSDUHG WR WKH HVWLPDWHG ORFNLQJ UDQJH RI 0+] IURP WKH
VLPSOLILHG $GOHU¶V H[SUHVVLRQ DW WKLV LQMHFWLRQ OHYHO PD\ EH
GXH WR QRQRSWLPLVHG FRXSOLQJ RI WKH 7+] VLJQDO LQWR WKH 4&/
FDYLW\ 7KH G% OLQHZLGWK RI WKH XQORFNHG EHDW VLJQDO ZDV
PHDVXUHG WR EH  0+] 1RQHWKHOHVV WKH OLQHZLGWK RI WKH
UHIHUHQFH VLJQDO ZDV OHVV WKDQ  +] KHQFH WKH PHDVXUHG
OLQHZLGWK DFFRXQWV IRU WKH EURDG OLQHZLGWK RI WKH IUHH UXQQLQJ
4&/ GXH WR WKH HOHFWULFDO WKHUPDO DQG PHFKDQLFDO QRLVH
LQKHUHQW LQ VXFK V\VWHPV
7KH DPSOLWXGH DQG SKDVH RI WKH ORFNHG 4&/ VLJQDO ZDV
PHDVXUHG XVLQJ D ORFNLQ DPSOLILHU )LJ  E\ YDU\LQJ WKH
UHODWLYH SKDVH EHWZHHQ WKH VLJQDO IURP WKH 4&/ DQG WKH 7+]
3
UHIHUHQFH VLJQDO :KHQ WKH 4&/ ZDV ZHOO ORFNHG WKH
DPSOLWXGH LQFUHDVHG ZKHQ WKH 4&/ IUHTXHQF\ DSSURDFKHG WKH
HGJH RI WKH ORFNLQJ UDQJH DQG UHPDLQHG WKH VDPH ZLWKLQ WKH
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)LJ  7KH EHDW VLJQDO EHWZHHQ WKH UHIHUHQFH VLJQDO GHULYHG IURP WKH FRPE
VRXUFH DQG WKH 4&/ ZKHQ WKH 4&/ GULYH FXUUHQW ZDV DGMXVWHG WR WXQH WKH
4&/ IUHTXHQF\ WRZDUGV DQG DZD\ IURP WKH UHIHUHQFH IUHTXHQF\ 7R DLG
FODULW\ WKH EHDW VLJQDO VSHFWUXP IRU HDFK RI WKH 4&/ GULYH FXUUHQW LV RIIVHW
YHUWLFDOO\ LQ WKH SORW
)LJ  7KH DPSOLWXGH DQG SKDVH RI WKH ORFNHG VLJQDO PHDVXUHG XVLQJ D ORFN
LQ DPSOLILHU ZKHQ WKH 4&/ GULYH FXUUHQW ZDV YDULHG >*UHHQ  4&/ ZHOO
ORFNHG %ODFN  4&/ SDUWLDOO\ ORFNHG ,QVHW  6LQXVRLGDO ZDYHIRUP IURP WKH
UHFHLYHU@
)LJ  VKRZV WKH VSHFWUXP RI WKH KHWHURG\QH VLJQDO
EHWZHHQ WKH ORFNHG 4&/ VLJQDO DQG WKH 7+] UHIHUHQFH VLJQDO
DW WKH PRGXODWLRQ IUHTXHQF\ RI WKH WUDQVPLWWHU PHDVXULQJ D
):+0 OLQHZLGWK RI  +]
9, &21&/86,21
7KH UHVXOWV RI PHDVXUHPHQWV RQ DQ DEVROXWH IUHTXHQF\
UHIHUHQFHG FRQWLQXRXVO\ WXQHDEOH 7+] VLJQDO V\QWKHVL]HU
EDVHG RQ D ZLGH EDQGZLGWK 2)&* KDYH EHHQ SUHVHQWHG 7KH
IUHTXHQF\ ZDV FRQWLQXRXVO\ WXQHDEOH IURP  *+] WR ! 
7+] ZLWK D VSHFWUDO UHVROXWLRQ RI   +] DW  7+] 7KH
FRPSRVLWH QRLVH ZDV PHDVXUHG WR EH OHVV WKDQ  G%F+] DW
 N+] RIIVHW DW  *+] DQG ZDV VKRZQ WR EH OLPLWHG E\ WKH
VFDOHG SKDVH QRLVH RI WKH UHIHUHQFH V\QWKHVL]HU /DVHU ORFNLQJ
WHFKQLTXHV HQDEOHG WKH 2615 WR EH LPSURYHG WR JUHDWHU WKDQ
 G% ZLWK DQ LQFUHDVH LQ RSWLFDO SRZHU E\ !  G% ZKLOH
SUHVHUYLQJ WKH QRLVH FKDUDFWHULVWLFV RI WKH 2)&* LWVHOI
+RZHYHU GXH WR WKH ORZHU FRQYHUVLRQ HIILFLHQF\ RI WKH
DYDLODEOH RSWRHOHFWURQLF FRQYHUWHUV DW KLJK IUHTXHQFLHV RQO\
 Q: RI SRZHU ZDV JHQHUDWHG E\ WKH 7RSWLFD WUDQVPLWWHU DW
 7+] 1RQHWKHOHVV E\ GLUHFW LQMHFWLRQ ORFNLQJ D KLJK SRZHU
4&/ WR WKLV  Q: KLJK UHVROXWLRQ VLJQDO KDV HQDEOHG WKH
UHDOLVDWLRQ RI DQ DEVROXWH IUHTXHQF\ UHIHUHQFHG KLJK VSHFWUDO
SXULW\  7+] VRXUFH ZLWK DQ RXWSXW SRZHU RI a P: ZLWK
SKDVHIUHTXHQF\ QRLVH FKDUDFWHULVWLFV GLUHFWO\ UHIHUHQFHG WR
WKH PLFURZDYH V\QWKHVL]HU PDNLQJ LW VXLWDEOH IRU PDQ\ KLJK
UHVROXWLRQ DSSOLFDWLRQV 7KLV V\VWHP KDV D JUHDW SRWHQWLDO IRU
SKRWRQLF LQWHJUDWLRQ OHDGLQJ WR FRPSDFW DQG SRUWDEOH V\VWHPV
)LJ  (OHFWULFDO VSHFWUXP RI WKH KHWHURG\QH VLJQDO EHWZHHQ WKH ORFNHG
4&/ DQG WKH 7+] UHIHUHQFH VLJQDO DW WKH PRGXODWLRQ IUHTXHQF\ RI WKH
WUDQVPLWWHU 5%:   +]
$&.12:/('*0(17
7KLV ZRUN ZDV IXQGHG E\ WKH (QJLQHHULQJ DQG 3K\VLFDO
6FLHQFHV 5HVHDUFK &RXQFLO (365& (3-&276
(33+\SHU7+]
5()(5(1&(6
>@ $-6HHGV DQG .-:LOOLDPV³0LFURZDYH SKRWRQLFV´ /LJKWZ7HFKQRO
YRO  QR  S  'HF 
>@ && 5HQDXG 0 1DWUHOOD & *UDKDP - 6HGGRQ ) YDQ 'LMN DQG $ -
6HHGV ³$QWHQQD LQWHJUDWHG 7+] XQLWUDYHOOLQJ FDUULHU SKRWRGLRGHV´
,((( - RI 6HO 7RSLFV LQ 4XDQWXP (OHFWURQ YRO  S  
>@ 5 - % 'LHW] % *ORELVFK + 5RHKOH ' 6WDQ]H 7 *|EHO DQG0 6FKHOO
³,QIOXHQFH DQG DGMXVWPHQW RI FDUULHU OLIHWLPHV LQ ,Q*D$V,Q$O$V
SKRWRFRQGXFWLYH SXOVHG WHUDKHUW] GHWHFWRUV  7+] EDQGZLGWK DQG
G% G\QDPLF UDQJH´ 2SW /HWW YRO  S  
>@ / 3RQQDPSDODP 0 - )LFH + 6KDPV & & 5HQDXG DQG $ - 6HHGV
³2SWLFDO FRPE IRU JHQHUDWLRQ RI D FRQWLQXRVO\ WXQDEOH FRKHUHQW 7+]
VLJQDO IURP  *+] WR ! *+]´ 2SW /HWW YRO  S  
>@ / 3RQQDPSDODP && 5HQDXG ,) /HDOPDQ / 5LYHUV 3 &DQQDUG 0-
5REHUWVRQ 0 0RRGLH ) YDQ 'LMN $ (QDUG ) %ODFKH 0 *RL[ )
0DOOHFRW $- 6HHGV ³,QMHFWLRQORFNHG LQWHJUDWHG WZLQ '%5 ODVHUV IRU
PPZDYH JHQHUDWLRQ´ (XURSHDQ ZRUNVKRS RQ SKRWRQLF VROXWLRQV IRU
ZLUHOHVV DFFHVV DQG LQKRXVH QHWZRUNV  'XLVEXUJ *HUPDQ\
>@ . %DODNLHU + 6KDPV 0- )LFH / 3RQQDPSDODP &6 *UDKDP &&
5HQDXG $- 6HHGV ³2SWLFDO 3KDVH /RFN /RRS DV +LJK4XDOLW\
7XQHDEOH )LOWHU IRU 2SWLFDO )UHTXHQF\ &RPE /LQH 6HOHFWLRQ´ -RXUQDO
RI /LJKWZDYH 7HFKQRORJ\ YRO  S  
>@ $- :DUG '- 5REELQV * %XVLFR ( %DUWRQ / 3RQQDPSDODP -3 'XFN
1':KLWEUHDG 3- :LOOLDPV '&- 5HLG $& &DUWHU 0- :DOH :LGHO\
WXQDEOH '6'%5 ODVHU ZLWK PRQROLWKLFDOO\ LQWHJUDWHG 62$ 'HVLJQ DQG
SHUIRUPDQFH ,((( - RI VHO WRSLFV LQ TXDQWXP HOHFWURQ YRO  S
 
>@ & :DOWRQ $& %RUGRQDOOL DQG $- 6HHGV ³+LJK±SHUIRUPDQFH
KHWHURG\QH RSWLFDO LQMHFWLRQ SKDVHORFN ORRS XVLQJ ZLGH OLQHZLGWK
VHPLFRQGXFWRU NDVHUV´ ,((( 3KRWRQ 7HFKQRO /HWW YRO  S 

>@ - 5 )UHHPDQ / 3RQQDPSDODP + 6KDPV 5 $0RKDQGDV & & 5HQDXG
3 'HDQ / /L $ * 'DYLHV $ - 6HHGV ( + /LQILHOG ,QMHFWLRQ ORFNLQJ
RI D WHUDKHUW] TXDQWXP FDVFDGH ODVHU WR D WHOHFRPPXQLFDWLRQV
ZDYHOHQJWK IUHTXHQF\ FRPE´ 2SWLFD YRO  S  
>@ $ ( 6LHJPDQ /DVHUV 8QLYHUVLW\ 6FLHQFH %RRNV 
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